Abstract. Texture and microstructure formation during annealing of a 75% cold rolled AHS steel, reheated at a rate of 10°C/s to ~3000°C/s were studied with the purpose to investigate the interaction between the recrystallization and the austenite formation as well as the possibility of grain refinement. It was found that at ultra-high heating rates, the bcc-fcc phase transformation starts before the completion of recrystallization and the deformation texture is partially retained in the samples after annealing. The crystallographic texture observed in the martensitic phase, which is the product of intercritical austenite transformation in as-quenched samples, i.e., after the double α-γ-α' transformation, is similar to the initial cold rolling texture, which is an indication for the texture memory effect. After ultra-fast reheating with average reheating rates of 1000°C/s and higher, a significant grain refinement was observed with an average calculated ferrite grain diameter of ~2 µm. The obtained final ferrite grain size depends significantly on both the reheating temperature and the heating rate. The same effect is observed in 75% cold rolled quenching and partitioning steels for heating rates of 400°C/s, 800°C/s and 1000°C/s. In both cases the combination of fine grains, and weak RD/ND-fiber textures produce an increase of strength and ductility compared to material annealed using a conventional heating rate of ~10°C/s.
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Introduction
The development of advanced high strength steels (AHSSs) was a reaction of the steel industry to societal requests to decrease the CO 2 emissions of the cars without sacrificing passenger safety [1] . The combination of strength and toughness is a consequence of the unique design of the microstructure in AHSS, which combines hard, ductile and metastable phases. The development of AHSS grades is one of the enduring priorities of the steel manufacturing industry today and requires often non-conventional approaches in development of stronger and tougher steel grades. The use of high strength steels in the automotive industry appears to be an effective way to decrease the weight of vehicles, to increase the safety of the passengers and to decrease the fuel consumption. [2] with the data for TWIP steels).
Such steels are known as 3 rd generation AHSSs and they are still under development by steel producers. The classical approach for the development of AHSS grades is two-fold, namely (i) the use of a specific combinations of alloying elements and (ii) control of the thermo-mechanical manufacturing process, which determines the formation of the microstructure. This approach appears to be very successful and has given rise to well-known steel grades such as dual phase (DP) steels, transformation induced plasticity (TRIP) steels, multiphase or complex phase steels (steels with dislocation rich microstructures such as martensite and bainite) [2] and, more recently, twin induced plasticity (TWIP) steels. The well-known strength vs ductility chart for the most popular automotive steel grades is shown schematically in Figure 1 .
It is clear that there are no representatives at the moment which can cover the gap between the heavy alloyed TWIP steels and low alloyed TRIP steels. Adding of alloying elements, as done in medium Mn steels, is an easy solution, but problems with metal scarcity will restrict their extensive use more and more in the future because of cost limitations. The control of cooling rates during production is already very well studied; i.e., the limits to improvement in modifying this parameter are known and significant new improvements in this direction cannot be expected, although new heat treatments like quenching and partitioning (Q&P) are now under development in order to populate the region marked with a question mark in Figure 1 [1] .
A non-conventional approach is to explore the potential of the heat treatment as a tool for microstructure-properties control by using well known standard compositions and to design and produce fine grained steel grades by employing very high heating rates. This approach leads to extreme grain refinement [3] [4] [5] [6] and to a corresponding increase of the strength of the material above the normal well known limits. In previous works [3] [4] [5] [6] [7] a number of microstructural phenomena, like remarkable grain refining and overlapping of the recrystallization with the α-γ phase transformation, were reported for reheating rates of 3000°C/s and higher (up to 7000°C/s). Although the results were very promising, it is very difficult to reproduce such heating rates in industrial lines.
The aim of the present work is to obtain a better understanding of the sensitivity of the phase transformation and recrystallization, and the corresponding changes in microstructure, texture and mechanical properties to the variation of the heating rates and initial microstructure. To study the possibilities for an industrial implementation all processing parameters are varied in a range which is considered as realistic for industrial application.
Experimental
Cold rolled steel with a composition shown in Table 1 is the object of study in this work. Two sets of dual phase (DP) steel, produced as hot rolled plates with a microstructure of either (i) ferrite and pearlite (FP) or (ii) 50% ferrite and 50% tempered martensite (FM) were subsequently cold rolled with a reduction of 75%, to a final thickness of 1 mm, and heat treated according the temperatures and times shown in tables 2 and 3. Samples of size 80 x 30 x 1 mm 3 were cut parallel to the rolling direction of the cold rolled sheet. The samples were reheated with heating rates of 10°C/s, ~400C/s and ~1500C/s and subsequently water quenched without isothermal holding (a minimum isothermal holding of 0.2s could not be avoided). The data for the heat treatment parameters are given in Table 2 and Table 3 , whereby the samples with initial microstructure of ferrite and tempered martensite are designated as samples A and the samples with initial microstructure of ferrite and pearlite are designates as samples B. A record of the real "time-temperature" curves is shown as an example in Figure 2 .
Q&P samples (100 x 10 x 0.5 mm 3 ) were 80% cold rolled and subsequently subjected to ultra-fast heating (UFH) Q&P cycles in the Gleeble™ thermo-mechanical simulator according to the cycles shown in Figure 3 . Two types of heat treatments were applied: one with isothermal soaking and the other without isothermal soaking, (cf. Figure 3) . Heat treatment cycles performed in Gleeble on the cold rolled material, upper right corner insert is a zoom of the first 3s of heating time. The cooling rates for DP steel and for Q&P steel are marked with DP and Q&P correspondingly. Adapted from [8] .
Samples for tensile tests, hardness tests and microstructure characterization were taken from the middle part of the heat-treated sheets from the zones with guaranteed homogeneous temperature distribution. Sub-size tensile test samples with a gauge length of 4 mm, width of 1mm, thickness of 1mm and total length of 10 mm were tested with a cross head velocity of 0.5 mm/min at room temperature in a micro-tensile test machine (type Deben MICROTEST 5000N Tensile stage®). The sample elongation was detected by displacement measurement of the machine grips. Tensile tests on sub-size samples always overestimates the strength and elongation in comparison to the standard size (A80 and A50) tensile test samples.
Similar tensile tests were applied to specimens that were water quenched from different temperatures after reheating with fast but still conventional heating rates of 140°C/s in a salt bath (SB), in order to compare the results with the data obtained from ultra-fast heating, and to correctly evaluate the contribution of ultra-fast heating to the mechanical properties. The microstructural characterization was carried out after classical metallographic sample preparation, which included mechanical grinding and polishing up to 1 µm diamond suspension and etching with 2% HNO 3 in ethanol (Nital 2%).
Samples for electron backscatter diffraction (EBSD) characterization were additionally electrolytically polished using a Struers ® Lectropol 5 device with A2 type electrolyte at 22°C, 40V and electrolyte flow rate of 7. A FEI-Nova 600 scanning electron microscope was employed for the scanning electron microscope (SEM) and EBSD data acquisition on selected samples. The EBSD data were acquired at 15 kV, working distance 7 mm, sample tilt 70°, on a square scan grid with a step size of 50 nm. The data were post-processed with EDAX-TSL OIM ® 5.1 data analysis software. The variations in mechanical properties as a function of quench temperature were documented by Vickers hardness measurements with a load of 3 kgf (HV3).
Results and Discussion
DP steel samples: microstructures
Variations in the hardness of the cold rolled and water quenched samples with different initial microstructures after heating to different temperatures with various heating rates are shown in Figure  4 . The initial hardness after cold rolling depends on the microstructure and is 329HV3 for the samples from group B with ferrite-pearlite microstructure, compared to 440HV3 for the cold rolled microstructure of ferrite and tempered martensite. The hardness does not change significantly after quenching from a temperature up to 500°C (Figure 4 , zone I). An increase of the temperature with heating rates of 140°C/s (heating in a salt bath) triggers initially recovery and recrystallization in the cold rolled steel, which is associated with a decrease in the hardness (cf. Figure 4 , Zone II). After quenching from temperatures situated in the dual phase ferrite-austenite or the single phase austenite regions, the hardness increases due to martensite formation from the parent austenite phase (cf. Figure  4 , zone III). When the austenitisation temperature is very high the hardness after quenching slightly decreases, which can be associated with the grain growth of the parent austenite, which forms coarse and low carbon martensite ( Figure 4 , zone IV).
Two main tendencies are clearly demonstrated in the hardness variations -apart from the heating temperature the hardness variations are dependent on: (i) the initial microstructure, and (ii) on the heating rate. The increase of the heating rate from 140°C/s to ~360°C/s and 1500°C/s shows a clear tendency to increase the hardness after quenching from both the intercritical (α+γ) and the single phase γ regions. The hardness decrease in the temperature interval 500-750°C (zone II in Figure 4 ), which is associated with recovery and recrystallization, becomes smaller when the heating rate is increased, which indicates that recovery and recrystallization are suppressed. No changes in the hardness are observed in samples B that were heated to the austenitic region with ~1500°C/s (cf. zone II in Figure  4 -the grey line for heating rate of 1500°C/s). This is an indication that both recovery and recrystallization are completely suppressed and the α-to-γ phase transformation starts before the onset of recrystallization. This effect was previously observed after heating and quenching of cold rolled high-strength low-alloy (HSLA) steels with heating rates of ~3000°C/s and ~7000°C/s [4] [5] [6] [7] .
The tensile test results for selected samples are shown in Figure 5 . The samples were water quenched from the temperatures of the two-phase (α+γ) region in order to create a microstructure of ferrite and martensite, which is typical for DP steels [1, 2] . It is clearly demonstrated that for intercritical annealing, an increase of the heating rate from 140°C/s to 400°C/s and 1500°C/s causes a significant increase in the ultimate tensile strength (Rm). This phenomenon could be associated with the significant grain refining effect observed in the fast-heated samples in comparison to the samples heated in the salt bath. A second important observation is that the short soaking times, practically ~1-2 s in both cases, do not allow homogenization of the carbon content of the intercritical austenite before quenching. This means that the martensite "islands" are structurally heterogeneous -i.e. they may contain zones with high carbon martensite, low carbon martensite or even retained austenite with high carbon content and correspondingly with different hardness [9] .
Another relevant observation is that the initial microstructure has significant effect on the mechanical properties (type of the tensile test curve), which is more clearly pronounced at low heating rates. The tensile test curves of samples with initial ferrite and pearlite microstructures, quenched after heating with 140°C/s exhibit a well-defined yield point, and display very low work hardening, which is different in the samples with initial microstructure of ferrite and tempered martensite. It is also important to mention that the stress-strain curves reveal identical characteristics after ultra-fast heating (compare the black thick and dashed lines in Figure 5 ). Figure 6 shows the microstructural evolution in samples with initial microstructure of ferrite and tempered martensite after water quenching from various temperatures in α+γ temperature interval reached with heating rates of ~140°C/s (heating in a salt bath) and fast heating with ~400°C/s. The micrographs display martensite microstructures in both group of samples, which in the case of fast heating (Figure 6b ,c) appear in the recovered ferrite matrix, and the new martensite is aligned along the pancaked recovered (or partially recrystallized) ferrite. In the case of heating in the salt bath, the ferrite microstructure is fully recrystallized with well-developed almost equiaxed grains shape (cf. Figure 6d , e). The microstructures shown in Figure 7 (a-e) display the corresponding changes in the steel with 75% cold rolled ferrite-pearlite microstructure after heating with ~1500°C/s and 140°C/s. The same tendency is clearly demonstrated, namely the α-to-γ phase transformation during heating starts before the onset of the recrystallization in samples heated with 1500°C/s, resulting in a fine- grained microstructure with elongated partially recovered ferrite grains, whereas after reheating in a salt bath the phase transformation develops in the recrystallized ferrite-pearlite matrix. The evolution of the average ferrite grain size as a function of the heating rate was investigated on optical and SEM micrographs by means of the linear intercept method and a cross check of the result was made by EBSD measurement on samples A3 (cf. Figure 8-black triangle) . The results of the measurement, which are shown in Figure 8 , display that the average grain size drops from 5 µm to 1 µm with an increase of the heating rate from 140°C/s to 1500°C/s reaching a steady state. The last point in the figure represents data adopted from reference [6] for steel with the same chemical composition heated to the same temperatures with 3000°C/s. Figure 9a shows the key for the main BCC texture components in the ϕ2 = 45° section of Euler space and Figure 9b displays the orientation distribution function (ODF) of the 70% cold rolled initial material. Figure 9b shows a typical rolling texture with ND {111}<uvw> and RD {hkl}<110> fibers with an intensity of ~4.5 multiples of random density (mrd) [10] . Figure 10 illustrates only the ferrite textures derived from the EBSD scans using grain average image quality partitioning criteria [22] . Figure 10a, 10c, 10e, and 10g show the ODFs of the full ferrite phase (including both recrystallized and non-recrystallized grains), whereas Figure 10b , 10d, 10f, and 10h show the ODFs of recrystallized ferrite grains only. The recrystallized ferritic grains were extracted using the grain average misorientation (GAM) criterion [18, 23] . The recrystallized ferrite grains in samples heated at 150°C/s (cf. Figure 10b, 10d) show orientations close to {111}<uvw> ND fiber components. In samples heated at 150°C/s to 704 °C, the recrystallized grains have an orientation in the vicinity of the {111}<112> texture components (Figure 10b ), whereas the strongest intensity after heating to 838°C at 150°C/s is 7.1 mrd and belongs mainly to the {001}<110> components.
DP steel samples: textures
The ODF of ferrite in samples heated at 1500°C/s to 749°C (Figure 10e ) is very similar to the ODF of the cold-rolled initial material (Figure 9b ). Figure 10f shows the ODF of ferrite at a very early stage of recrystallization in a sample heated at 1500°C/s. The maximum intensities of 3.1 mrd are close to {112}<110> texture component. The ODF of samples heated at 1500°C/s to 862°C (cf. Figure 10g) shows that the ferrite texture intensities are similar to the cold-rolled texture in the main components of ND {111}<uvw> and RD {hkl}<110> fibers. Recrystallized grains in the same sample show strong intensities on the {112}<110> and {111}<112> components (cf. Figure 10h) . The appearance of the Goss {110}<001> texture component with intensity of ~1.7 mrd is observed after heat treatments at both heating rates (cf. Figure 10b, 10d, and 10h) . The Goss component is associated with oriented nucleation at shear bands in deformed ferrite [11] . The rotated Goss {110}<110> component, which is a high stored energy component for metals with BCC crystal structure after plane-strain compression, appears in the recrystallized ferrite after UHF at 1500°C/s (cf. Figure 10f and Figure 10h ). These components are claimed to originate along shear bands in deformed ferrite [11] [12] [13] . In some recrystallized ferrite textures also the {331}<136> component can be observed (cf. Figure 10b, Figure 10d, Figure 10f , and Figure 10h ). This component has been described already before [14] and is supposed to originate from specific deformation features, like intra-grain deformation bands in deformed ferrite {hkl}<110> fiber grains.
Texture measurements have shown that the first recrystallized grains of ferrite in samples treated at 150°C/s to 704°C are mainly oriented around the {111}<112> component (cf. Figure 10b) . It is well known that such orientations are the most frequently occurring recrystallization component in coldrolled low carbon steel [12, 15] . Grains oriented close to {001}<110> are also present, which might be due to nucleation at low stored energy grains [16] at the beginning of recrystallization. Grains with Goss {110}<001> texture component have nucleated and grown in samples heated at 150°C/s (cf. Figure 10b ). Figure 11a, 11c and Figure 12a, Figure 12c . In these maps only the grains oriented close to the Goss {110}<001> (Figure 11a, 11c and Figure 12c ) and rotated Goss {110}<110> (Figure 12a ) components with a tolerance of 10° from the ideal orientations are highlighted on the IQ maps. Figure  11b, Figure 11d and 12b, 12d show the corresponding ND-IPF maps for each IQ map on the left-hand side. With help from the color coded RD-IPF maps, grains oriented close to the Goss texture component can be identified in the microstructure as the reddish grains in Figure 11a, Figure 11c and 12c and greenish in Figure 11b, Figure 11d and 12d. Grains oriented close to the rotated Goss component can be identified in the microstructure as greenish grains in Figure 12a and 12c and light blue grains in Figure 12b and 12d. Arrows indicate grains with Goss orientation and dashed circles the grains with Rotated Goss orientation in Figure 11 and Figure 12 . Figure 11a and 11b show the recrystallized ferritic grains oriented close to the Goss {110}<001> component in the sample heated at 150°C/s to 704°C. The grains are aligned with other recrystallized grains at an angle of ~45° with RD (arrows). One could thus infer that grains oriented close to the Goss {110}<001> component in samples heated at 150°C/s are likely to originate from shear bands. Recrystallized ferritic grains oriented close to the Goss {110}<001> component are not observed in samples heated at 1500°C/s to 749°C. However, Figure 12c and 12d display grains oriented close to the Goss {110}<001> orientation with similar alignments as in Figure 11a and 11b. It can, therefore, be suggested that nucleation of ferrite at shear bands is delayed to higher temperatures in samples heated to 1500°C/s, compared to samples heated at 150°C/s.
The diffusion of carbon might also play a role in the nucleation of grains oriented in the vicinity of the Goss {110}<001> component in samples heated at 150°C/s (cf. Figure 10b ) and at higher temperatures in samples heated at 1500°C/s (cf. Figure 10h) . It has been claimed [17] that carbon dissolved in the cold-rolled ferrite strengthens the Goss {110}<001> component in recrystallized ferrite. The longer annealing times involved in samples heated at 150°C/s, compared to samples heated at 1500°C/s, can produce significant diffusion of carbon in ferrite and thus enhance the early appearance of Goss orientation in samples heated at 150°C/s. Consequently, the fact that grains with Goss orientation nucleate at higher temperatures in samples heated at 1500°C/s, is possibly affected by the carbon diffusion into ferrite.
In the sample heated at 1500°C/s to 749°C (cf. Figure 10f) , the highest intensity in the ODF is located in the vicinity of the {112}<110> component. However, considerable intensities are present for Φ-values in the range from 0° to 90° for ϕ 1 = 0, and for the {111}<uvw> ND fiber components. It is suggested that the nucleation of the previously mentioned components is related to the stored energy in cold rolled ferrite. Under ultra-fast heating, the time for recovery in the cold rolled material is drastically reduced. The release of energy during the recovery is also reduced, and thus high stored energy components can nucleate preferentially. In cold rolled ferrite, the amount of energy that a component can store increases as Φ increases from 0° to 90° for ϕ 1 = 0 [17] . The maximum strain energy is accommodated by the rotated Goss {110}<110> component, which is present in the recrystallization textures of samples heated at 1500°C/s (cf. Figure 10f) . The recrystallized ferrite from the sample heated at 150°C/s to 704°C (cf. Figure 10b) does not exhibit high stored energy components (Φ → 90° for ϕ 1 = 0). This is believed to be a consequence of the larger time for recovery, compared to samples heated at 1500°C/s. The observed texture changes at 1500°C/s are consistent with data on ultra low carbon (ULC) steel under ultra-fast heating rates [18] . Figure 10h shows that grains oriented close to the rotated Goss component are still present in samples heated at 1500°C/s to 704°C and 862°C. The circles in Figure 12a and Figure 12c indicate that such grains nucleated at grain boundaries. Moderated intensities are also observed in the sample heated at 1500°C/s to 862°C (cf. Figure 10f ) in components close to {001}<110> and {113}<110>. These components were very weak at 749°C, which indicates that nucleation in some low stored energy {hkl}<001> RD fiber components is taking place at high temperatures. The appearance of similar low stored energy {hkl}<001> RD fiber components of recrystallized ferrite are observed in Figure 10d ). These observations are consistent with the structures, shown in figure 7, which show that nucleation accounts for a considerable fraction of the recrystallized ferrite in samples heated at 150°C/s and 1500°C/s. Figure 13 a-d shows EBSD image quality maps (top) and phase maps (bottom) of samples heat treated according to the schedules of figure 3. The heating rate is mentioned under each map. The martensite grains in the conventionally Q&P heat treated samples are rather large (average grain diameter of 2.5 µm) with 14.1 % fresh martensite blocks, cf. Figure 13a . If a flash annealing process is conducted instead of an isothermal holding at 850°C, the microstructure is refined and the average grain diameter of the martensite reduces to 2 µm, (cf. Figure 13b) . In this flash heat treatment, the austenite formation started in a fully recrystallized bcc matrix, but it can be seen that there was no time for all of the austenite grains to grow, resulting in a bimodal grain size distribution. Similar conclusions can be drawn after analyzing the microstructures obtained with a heating rate of 500°C/s, cf. Figure 13c . When the heating rate was increased from 500°C/s to 1000°C/s, the fresh martensite fraction decreased significantly due to the presence of 25% ferrite, cf. Figure 13d . The average bcc grain diameter reduced to 1.4 µm and the retained austenite grains became smaller and more homogenously distributed.
Q&P steel samples: microstructures
From the EBSD data, the approximate prior austenite grain size (PAGS) can be determined by plotting the rotation angles between 21.1° and 47.1° [19] . The linear interception method was used to determine the average PAGS for the Q&P samples as illustrated in Figure 13 (a-d bottom row) . The average prior austenite grain diameter in the material after heating at 10°C/s and isothermal soaking is 3.8 µm and decreases to 2.9 µm without isothermal soaking. With a higher heating rate, the PAGS diameter decreased to 1.7 µm for 1000°C/s. After the Q&P heat treatment cycle without soaking, the austenite and ferrite grain sizes decreased from 0.6 µm to 0.3 µm and from 2.0 µm to 1.4 µm, respectively, as the heating rate was increased from 10°C/s to 1000°C/s. Figure 14 shows the results of quantification of the PAGS, average BCC grain diameter and the grain size of retained austenite. 
Q&P steel samples: textures
The textures of the samples were calculated from the EBSD data. Figure 14b displays the changes in the crystallographic textures as a function of the reheating rates. The texture of the cold rolled sample is characterized by an RD-ND fibre texture with a maximum of 8 mrd (multiples of a random distribution) on the {111}<112> texture component and a weaker rotated cube {100}<110> with an intensity of 4 mrd. The texture shows a convex curvature of the ND fibers, which is typical for cold rolled low carbon steels.
After reheating the cold rolled sample with 10°C/s and isothermal soaking, the cold rolling texture changes to a recrystallization type texture, which is characterized by a strong ND-fiber texture with a concave curvature and the disappearance of the RD-fiber component [20] , cf. Figure 14b . Flash processing (i.e. without soaking) at 10°C/s changes the curvature of the ND-fiber from concave to straight as shown in Figure 14b . After increasing the heating rate to 500°C/s and 1000°C/s (cf. Figure  14b) , the texture starts to resemble the original cold rolled texture with a convex curvature of the NDfibers but with much lower intensity of ~4 mrd. Due to a texture memory effect, the martensite phase inherits the texture of the untransformed ferrite: we can conclude that this ferrite was not recrystallized but possibly only recovered [17] . Similar effects were reported by Senuma et al. [21] and Petrov et al. [6] in rapidly annealed cold-rolled extra low carbon and advanced high strength steel sheets, respectively.
Q&P steel samples: mechanical properties
Representative examples of the stress strain curves of the conventionally heat treated Q&P sample, and of samples heated at 10°C/s, 500°C/s and 1000°C/s without soaking are given in Figure 15a . The corresponding characteristic values are given in [8] .
The conventionally Q&P heat treated sample has a uniform elongation of 6.1% with a yield strength and ultimate tensile strength of 782 MPa and 1050 MPa respectively. If the isothermal soaking is removed after heating at 10°C/s, the uniform elongation decreases to 2.6% with higher yield and ultimate tensile strengths of 837 MPa and 1097 MPa, respectively. Increasing the heating rate to 500°C/s results in a uniform elongation of 8.6% with an ultimate tensile strength of 1,138 MPa and a heating rate of 1,000°C/s results in a uniform elongation of 12.8% with an increased yield and ultimate tensile strengths of 811 MPa and 1,318 MPa, respectively. The ratio of yield strength to ultimate tensile strength decreases with higher heating rates without soaking, cf. Table 1 . The n-values were also calculated as 0.241 for a heating rate of 10°C/s, 0.167 for 500°C/s and 0.245 for 1000°C/s.
The fracture surface of the conventionally Q&P treated and the sample heated at 10°C/s without soaking is quasi-cleavage. Figure 15b (a-b) reveals some dimples but fracture propagated mostly by cleavage resulting in a mixed ductile-brittle fracture mode. After ultra-fast heating, fracture resulted in a ductile fracture surface with large dimples, cf. Figure 15b (c-d) . 
Conclusions
The results in this study show that the microstructure and mechanical properties of existing AHSS compositions can be improved without addition of expensive alloying elements if fast heating without isothermal soaking is used. The most important findings in this study can be summarized as follows:
1. In both the DP and Q&P steels presently under investigation, the recrystallization after ultra-fast heating was not 100% complete before the onset of the -to- transformation. The ultra-fast heating and the absence of the isothermal soaking produce a strong grain refinement effect in which the detailed features critically depend on the initial microstructure. 2. Ultra-fast annealing may induce an important texture shift as (i) it affects the volume fraction of ferrite that is recrystallized at the onset of -to- transformation and (ii) it generally enhances oriented nucleation effects such as preferred low or high-stored energy nucleation because of an effect on the balance of driving force for recovery and nucleation. 3. The mechanical properties of the ultra-fast annealed DP and Q&P samples, with heating rates of 400°C/s, 500°C/s and 1000°C/s without isothermal soaking, are better than for the conventionally processed Q&P samples, combining an increase in strength up to 26% and ductility up to 134% (for Q&P) as compared to the conventional equivalents. 4. The fracture surface changes from quasi-cleavage in conventionally heat treated samples to ductile dimples in the ultra-fast annealed ones.
The results of the current study undoubtedly show that ultra-fast reheating of HSLA steels is a potential way to achieve significant strengthening with a minimum loss of ductility, and under certain conditions to achieve even an increase in ductility. The observed increases in strength were associated with a strong grain refinement caused by the overlapping of the α-to-γ phase transformation and ferrite recrystallization. These effects are observed also with heating rates of ~400°C/s, which can be obtained in an industrial processing line. The results also show that the control of the initial microstructures before cold rolling together with the heating rates is of crucial importance for designing HSLA steels with improved mechanical properties, i.e. to effectively fill the gap in the strength vs. ductility chart, in the domain of strengths above 1,200 MPa and elongations of ~20%, without the use of expensive alloying additions.
